The present review describes the influence of different types of mixing systems under excess turbulence conditions on microorganisms. Turbohypobiosis phenomena were described by applying a method for measurement of the kinetic energy of flow fluctuations based on the piezoeffect. It can be assumed that the shear stress effect (the state of turbohypobiosis) plays a role mainly when alternative mechanisms in cells cannot ensure a normal physiological state under stress conditions. Practically any system (inner construction of a bioreactor, culture and cultivation conditions, including mixing) requires its own optimisation to achieve the final goal, namely, the maximum product and/or biomass yields from substrate (Y P/S or/and Y X/S ), respectively. Data on the biotechnological performance of cultivation as well as power input, kinetic energy (e) of flow fluctuations, air consumption rate, rotational speed, tip speed, etc. do not correlate directly if the mixing systems (impellers-baffles) are dissimilar. Even the widely used specific power consumption cannot be relied upon for scaling up the cultivation performance using dissimilar mixing systems. A biochemical explanation for substrate and product transport via cell walls, carbon pathways, energy generation and utilisation, etc. furnishes insight into cellular interactions with turbulence of different origin for different types of microorganisms (single cells, mycelia forming cells, etc. 
Introduction
Although the inhibitory influences of intensive mixing on microorganisms used in submerged processes had been observed quite long ago [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , it seems that the term "turbohypobiosis" to denote the totality of these phenomena was used for the first time in 1986 [21] . The turbohypobiosis state is the interaction of a medium flow with living cells in local excess turbulent zones, which depends on the hydrodynamic conditions in the stirred tank reactor. It inhibits cell growth and leads to alterations in morphology and metabolism. Turbohypobiosis does not include the irreversible damage of cells.
The inhibition of cell growth by excess turbulence depends on the limits of their viability. Biotechnological processes include the cultivation of all types of cells from microorganisms to plant and animal cells. For industrial purposes, in large-scale stirring reactors, microorganisms with a high viability in turbulent conditions are used. Bacteria cells are less sensitive to stirring, while yeast cells are more sensitive. The hyphae of fungi, due to long filaments, can be easily damaged by stirring, particularly in bioreactors with uneven stirring zones. Because animal and plant cells are very sensitive to stirring (the rupture of bubbles is sufficient for animal cell death [22] ), these cells are touched on as a borderline case of turbohypobiosis. The sensitivity of cells depends not only on stirring but also on the content of gas (aerated or non-aerated broth) and different liquid or solid dispersed components in liquid media.
The distribution of the introduced power in a reactor remains an object of an interest to researchers. It is used in investigations applying both traditional methods such as conductometric indication of electrolytic tracer [23] [24] [25] [26] [27] [28] [29] [30] , and more recent ones, e.g. optical indication of insoluble or coloured tracer with the following calculation of the velocity and trajectory of the flow [31, 32] . Several methods are employed to determine the local values of kinetic energy (e) of flow fluctuations by measuring the flow pressure on the submerged body [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . This method is based on the turbulent multiphase flow interaction with the flow receiver head of the transducer. From the turbulent flow, the mechanical oscillations are generated by the cantilever shaped needle in the piezoelement, resulting in the generation of a proportional electric signal. The reviewed studies were performed in bioreactors with different design and volume and with different mixing systems. Complicated theoretical calculations of the turbulent flow were also made [45] [46] [47] . The aerated stirred reactor is a complex system. The challenge of computational modelling is the detailed investigation of many phenomena such as bubble formation, turbulence, impeller pumping capacity, vortex shedding, predicting of the transient behaviour of bubble clouds in a reactor, etc. From theoretical calculations, it can be concluded that it is impossible to create truly homogeneous gas dispersion in a stirred vessel. Regions where gas and liquid are in countercurrent flows and regions where both the phases are in concurrent flows will always exist.
To investigate cell growth, researchers use both different types of stirrers and different mixing conditions according to the sensitivity of cells and the aims of the investigations.
To simulate the processes occurring in a real reactor, Locher et al. [48] cultivated Saccharomyces cerevisiae in batch apparatus with sinusoidal changes in the stirrer rotational speed and the pressure of the gas phase, determining the evolved CO 2 amount in the effluent gas, changes in the ethanol concentration, pO 2 , optical density of the medium, pCO 2 and respiratory quotient RQ (a relation between the evolved CO 2 and the consumption of O 2 , characterising the metabolic state of a culture). The results obtained in recurrent experiments evidently show a link between the fluctuations of the stirrer rotational speed and pressure changes, and the measured parameters reflecting the evolution of the culture. However, as has been pointed out by Locher et al., the obtained results do not give an unequivocal answer to the question of whether the reasons for the observed relations are changes in the physiological processes of the cultivated microorganisms or simple mechanical oscillations of mass exchange. According to Locher et al., in order to obtain an unequivocal answer more precise and selective equipment is necessary to evaluate the physiological condition of microorganisms with a set of very precise automatic process control equipment.
A rarely used stirring system for growing of easily damaged microorganisms was described by Vanags et al. [41] . The system consists of two conical discs with radial protrusions. During the operation, the discs revolve in opposite directions. The efficiency of the stirring system is ensured by the interaction of counterflows produced by both impellers. In this system, shear effects are determined only by the properties of the medium.
Delvigne et al. [49] investigated the hydrodynamic effect in a bioreactor in order to build up a mathematical model, allowing accurate scaling-down in reactors with mechanical mixing. The reactor with a stirrer, connected with silicone tubing, was used in experiments to compare the processes occurring in a relatively ideal mixing zone and a plug-flow zone. Cultivating Escherichia coli in this apparatus, noticeable differences in the consumption of glucose in different zones of the apparatus were observed. However, the employed method for measurement has not enabled unequivocal determination of whether these differences are due to the peculiarity in mass transfer processes or changes in microorganism physiology.
Berzins et al. [50] investigated the influence of stirrer rotational speed (i.e. input power) oscillations on the S. cerevisiae growing process. In this case, it was also recognised that the frequency of stirring fluctuations influences both the consumption rate of the substrate and the growth rate of the biomass, and the biomass yield from the substrate. However, the applied method and measuring devices again did not give an opportunity to make a convincing distinction between underlying changes in mass transfer processes or the physiology of the cultivated microorganisms.
Wei-Cho Huang et al. [51] confirmed that the effect exerted by the fluctuations of pressure could be mainly associated with the increase of mass transfer. In the abovementioned paper, under identical conditions, measurements of mass transfer were made in model medium by the sulphite oxidising method and in real glycerol fermentation processes. As a result, it turned out that the fluctuations of the aerating air influenced not only the real fermentation processes (increase in the amount of glycerol involved in the process and its yield from the substrate), but also the mass transfer in the model liquid. Wei-Cho Huang et al. explained this mainly by changing of air bubble dimensions due to the fluctuation of pressure, namely, the volume of a bubble decreased with an increase in pressure. As a result, the rising speed of bubbles decreased accordingly with decreasing pressure, and the volume of a bubble was found to increase owing to the renewal of the contact surface. Besides, changes of pressure also influenced gas solubility.
In the present paper, an attempt is made to: -describe turbohypobiosis phenomena from the viewpoint of the kinetic energy of flow fluctuations; -discuss biomechanical phenomena in different systematic groups of biological agents; -elucidate turbohypobiosis as an undesirable state for a population from the practical point of view (yield, productivity, etc.).
Due to size limitations the authors have chosen only a subset of the most relevant data.
Manifestation of turbohypobiosis
Although the majority of researchers consider particular manifestations of turbohypobiosis, this term is rarely used at present. Therefore, it seems appropriate to consider the nature of the concept using as an example the well-known dependence of biomass growth rate as a function of stirring intensity ( Figure 1 ) [52] , the initial part (ABC) of which is very well known to both biotechnologists and designers of bioreactors -bioengineers. In minimum mixing (diffusion, convection) conditions (part AB of the curve), the biomass growth rate limited by an insufficient mass transfer increases relatively fast (depending on the specific character of the cultivated strain) even at insignificant increasing of stirring intensity (part BC of the curve), reaching the maximum growth rate at point C for the given microorganism. Unfortunately, many researchers forget or simply ignore the extension DEF of the curve, corresponding to the turbohypobiosis phenomenon. Such a point of view seems logical, when trying only for biomass, because, from point C (optimum of mixing intensity for the given microorganism), with increasing input power, the increase of growth rate is not adequate. On the contrary, however, surpassing the line segment CD (its width is dependent on the character of the cultivated microorganism; for plant and animal cells, it may be very narrow or be absent at all) by point D, the increasing mixing intensity causes a decrease in the growth rate of biomass until, at the same time, at point E, the amount of the generated cells is equal to dying ones. After this point, the total mechanical degradation of cells starts, i.e. the stirring device of the reactor works as a disintegrator. If the aim of the biotechnological process is the production of biomass, an increase in the mixing intensity above the optimum C is not advisable.
Fig. 1
Biomass growth rate as a function of stirring intensity. X -biomass; t -time; e min -minimum stirring intensity in the reactor; e opt -optimum stirring intensity in the reactor; e max -maximum stirring intensity in the reactor; e crit -critical stirring intensity in the reactor.
Irrespective of the equipment used and methods applied, conclusions of all authors are similar, namely, in real reactors, stirring intensity is not sufficient to reach total homogeneity of the medium and the equable distribution of the input power throughout the whole volume of the reactor. Therefore, instead of the concrete numerical value of stirring intensity, it is necessary to consider the range of values from e min to e max . The width of this range depends not only on the specific apparatus and the design of the stirring system, but also on the given/chosen operating conditions (stirrer rotational speed, aeration conditions) as well as the rheological properties of the environment and content of particles in the medium. It means that if graphically describing the changes of stirring intensity in the elementary volume of the medium moved in the reactor by the steady circulating flow, we can obtain a curve, which looks like the one shown in Figure 2 .
The amplitude of curve e max -e min depends on the design of the reactor and the stirrers. For example, in a reactor with a Rushton turbine stirrer, the value of the dissipation rate of local energy can exceed the average dissipation rate of this reactor 118 times [53] . With increasing stirrer rotational speed and/or viscosity of the medium, it increases. Moreover, e max increases faster than e min ; as a result, the asymmetry of the curve increases -the maximum contracts, while the minimum extends. The period of fluctuations (or a reversed value, frequency) depends on the dimensions of the reactor (namely, the length of the circulation loop) and flow rate. The real form of the curve is more complicated because, in a real reactor, quasi-stationary medium vortexes are formed (e.g. on the edges of baffles and other constructive elements), and each of the vortexes must be represented by a similar form but a smaller curve, which must be included one or several times (according to the location of the quasi-stationary vortex) in the main circulation loop curve.
Fig. 2
Local stirring intensity in the elementary volume of the medium passing the flow loop in the reactor. e min -minimum stirring intensity in the reactor; e max -maximum stirring intensity in the reactor; t -period of the stirring intensity pulsation in the flow loop.
If the range of these turbulence intensity fluctuations (e max -e min ) fits in the curve part CD (Figure 1 ), then, in order to choose a suitable reactor and operating conditions, the fact may be ignored that the real stirring intensity in time (with regard to the circulating medium) and in space (with regard to the reactor volume) is a variable value. However, in the majority of cases, this CD plateau (depending on the sensitivity of the cultivated cells to shear stress) is very narrow or is entirely absent. It could be only a steep or gently sloping maximum of the curve. Therefore, to determine the cultivating regime of the process, it is necessary to choose -either not to permit that the maximum stirring intensity exceeds the critical point D (but, in this case, the largest volume part of the reactor will be between points B and C -consequently, growth rate is considerably lower than maximum) or to ensure a sufficient intensive mixing in the whole volume of the reactor, allowing that e max exceeds the critical point D. To justify this choice of objective information, it is necessary to elucidate the reaction of cells to the increased intensity of turbulence in the medium. Actually, it is necessary to investigate the influence of the turbulence fluctuations on the cell, and, if the industrial process is designed to be implemented in a high-capacity reactor, turbulence fluctuations must be combined with the fluctuations of hydrostatic pressure (especially if the process is realised in an apparatus with a spatially separated circulating loop, e.g. air-lift) as well as the fluctuations of the gas content and pO 2 . To carry out such a process, very complicated experimental equipment would be necessary [54] . Therefore, at least for the time being, the influence of fluctuations of hydrodynamic factors on cultivated cells is poorly understood. As can be seen from the oscillation mixing process (Figure 3 ), which simulates different zones of a bioreactor, the specific growth rate of microorganisms is influenced by the turbulence intensity of mixing (stirrer rotational speed) and the circulation loop of the medium (pulsations frequency). To obtain oscillating stirring conditions, a bioreactor (Rushton double staged turbine; total volume 5 L) was equipped with a control unit which changed the stirrer rotational speed from maximum to zero with a variable period [55] . In comparison with the above-mentioned works, Priede and Viesturs [56] succeeded more convincingly in investigating the reaction of cells to turbulence (mixing intensity) fluctuations. The obtained concentration of citric acid as well as its yield from glucose and biomass were measured, and image analysis was used for morphological comparison of Aspergillus niger cultivated under different conditions. If the changes in citric acid production can be explained by the change of oxygen concentration in the solution, then, according to the morphological changes in hyphal pellets, it seems more believable that, in this case, the reaction of cells to the hydrodynamic stress is expressed. The extreme manifestation of turbohypobiosis is the destruction of cultivated cells, namely, the situation when the stirrer begins to work as a disintegrator. It should be mentioned that excessive turbulence is not the only possible cause of cell damage, the inactivation of cells can be caused by an insufficient mass transfer, changes of osmotic pressure, etc. Some (e.g. animal) cells are so sensitive to mechanical influence that even a laminar medium flow causes membrane shearing, leading to cell death [57] .
Summarising the results of a number of studies [1, [58] [59] [60] [61] [62] [63] [64] , plant and animal cells were found to be less resistant than the hyphae of mycelial cultures, followed by yeast, while bacteria appeared to be the least resistant. This can be very easily explained by the cell membrane structure (its mechanical strength) as well as the dimensions of cells (i.e. the summary force acting on a cell under hydrodynamic stress conditions). However, there can be exceptions in this ranging, namely, bacteria can be more sensitive than yeast [1] . The studies carried out by different authors are not comparable quantitatively, because different authors describe the hydrodynamic situation with different criteria. Thus some authors [58, 63] measured shear velocity, while the others [59] focused on shear stress, maximum [60] and mean [1, 48, 56, 65] dissipated energy, medium and gas flows velocity [63] , blade tip speed [58] and stirrer rotational speed [1, 61, 62, 64] . Besides, different constructions of the stirrer and apparatus were used. Still, some common regularities follow from these studies, namely, the amount of the damaged cells depends not only on the average value of the input power but also on the stirrer design [1, 64] ], the time of the influence of hydrodynamic stress [61, 64] , the concentration, dimensions and shape of insoluble substrate particles [1, 61] .
In conditions where the intensity of local turbulence is high but insufficient for the mechanical disruption of the cultivated cells, changes in the cell morphology were often observed [2, 56, 62, [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Simultaneously with morphological adjustment, the physiological character, namely, the productivity of metabolite synthesis [66, 67, 69, 72, 73, 76] , biological activity [70, 74, 77] and enzyme activity [71] also changed. Hence, these morphological changes may be regarded to be not a simple result of the mechanical deformation of cells, but a reaction to the changes in cultivation conditions. Moreover, the dependence of the synthesis of histamine (which is regarded as a characteristic mark of stress) on the turbulence intensity in a bioreactor was established [52, 71, 78, 79] .
Changes in enzyme activity are also observed in conditions when the morphological changes in cells are not yet visible [52, 71, 78, [80] [81] [82] [83] [84] , which means that the deformation of cells as well as the damages and destruction of the cell membrane are a manifestation of the extreme stress, while the inner structures of the cell react to the hydrodynamic stress at much lower values of the turbulence intensity. If the enzyme activity of cells changes, then the amount and content of the metabolism product also must change. This relationship is confirmed by the aforementioned and other studies [85] [86] [87] [88] , in which the main criterion of the evaluation of the results is the amount and quality of the synthesised product.
Although the negative effects of turbohypobiosis are mentioned in many cases -decreased growing velocity of biomass [52, 71, 78, 79, 83] and/or decreased synthesis of the end product [78, 89] , for example, Ghadge et al. [82] and Kaya et al. [84] established a decrease in the cellulase activity with increasing mixing intensity or time. Sometimes the obtained results are quite different -Marten et al. [80] described the maximum cellulase activity in more intensive mixing conditions. As the results obtained in certain conditions cannot be automatically applied to other results obtained in even a similar process, if the used apparatus, medium formula or other parameters of the process differ, then these results are not reciprocally comparable. For instance, if a non-ionic surfactant is added to the culture medium [90] , the cultivated cells can be protected from the effects caused by shear stress, although the efficiency of this "shear protector" is different for different cells.
Scale-up of bioreactors: its consequences
To take into account the complexity of experimental equipment and the interpretation of the obtained data, most researchers try to avoid evaluation of the influence of turbulence intensity fluctuations on cells either in designing equipment with definite, possibly homogeneous mixing (i.e. minimum gradients of local power density) [57] [58] [59] [60] [91] [92] [93] , or simply ignore the power distribution unevenness throughout the volume [1, 61, 64-67, 80, 89, 94] as well as the fluctuations of the turbulence intensity, hydrostatic pressure and gas content caused by it.
These fluctuations in small volume (laboratory) reactors could be permissible, although, in a small 3-L laboratory fermenter the cultivating producer of citric acid A. niger R3 has demonstrated the dependence of both the product yield from substrate (Y P/S ) and the biomass yield (Y P/X ) on the unevenness of energy distribution throughout the volume [95] due to the small amplitude and the high frequency of fluctuations (cells cannot react to the change of the hydrodynamic situation so fast). However, the scale-up of the reactor can lead to very unpleasant surprises, namely, an essential difference in the reactor's efficiency from the anticipated result.
In order to achieve a universality in readings of mixing intensity, we have developed a special instrument based on the piezoeffect, the Stirring Intensity Measuring Device (SIMD) [41] , which was used for the comparison of results. SIMD measures the local kinetic energy (e) in bioreactors. It consists of a piezoelectric transducer and a data processing unit. When the turbulent flow interacts with the receiving head of the transducer, mechanical oscillations are generated in the piezoelement as a result of which a proportional electrical charge signal is generated. The interpretation of readings is based on the fact that the charge signal is proportional to the mean kinetic energy of flow fluctuations. To compare the SIMD and LDA (Laser Doppler Anemometry) measurements, the accuracy of data was within ±5% [43] .
The local kinetic energy distribution can be used for estimation of the influence of stirring on microorganisms in a bioreactor.
Kolmogorov microscale and real processes
Sometimes we meet an opinion [2, 62, 63, 68] based on Kolmogorov microscale calculations that turbulence cannot influence directly the cultivated cells, causing turbohypobiosis effects in them. In this case, some essential aspects are ignored: (1) The theory of turbulence is worked out for a homogeneous one-phase medium. Aerated culture media (containing not only cells and their aggregates, but also insoluble parts of substrate) obviously do not comply with it. (2) The microscale of Kolmogorov turbulence is the only condition, which is necessary to make complicated calculations of turbulence. In reality, the kinetic energy of turbulence is dissipating in heat, namely, the kinetic energy of separate molecules. It is difficult to imagine how the kinetic energy of the medium vortex can be transferred into the kinetic energy of separate molecules -without effect at the cellular or microorganismal scale. (3) It is very problematic to imagine how, according to the Kolmogorov turbulence theory, one can calculate correctly the Kolmogorov microscale:
where r is Kolmogorov microscale; η is dynamic viscosity; ρ is density; ε is specific power input (ε = P/(V·ρ) in the elementary volume of media, which is comparable with the bubble volume of aerating gas [68] . In conditions when (unlike the homogeneous media postulate in the turbulence theory) viscosity (passing from liquid to bubble) changes from the liquid viscosity to the gas one, and density behaves in the same way, the values of the density of local power must change correspondingly. As most of culture media are non-Newtonian liquids according to these rheological properties, then the dependence of viscosity on shear rate is non-linear. Moreover, this is not the case when the average values of the apparatus volume can be assumed to be practically equal to the local values of these parameters at various points of the investigated volume. It has been established unequivocally in studies of many authors that real aerated reactors fail to achieve homogeneity of gases, density, local density of power and other parameters in the whole volume of the reactor.
Therefore, it can be concluded that the assumption that the turbulence intensity influences not only cells and their aggregates, but also larger molecules (enzymes, polymers obtained in biosynthesis), supported by many researchers, seems more convincing than the unconditional adherence of some to the theory worked out for other media and conditions. Chamsartra et al. [62] try to contradict the influence of turbulence on cells, choosing as an object very small rounded and therefore apparently stronger cells (because the membrane structure and hardiness of smaller cells are not known to differ essentially from those of the largest cells, but the influence of the outer forces is proportional to the dimensions of the cell). In electron micrographs ( [62] , Figure 2a and 2b) , morphological differences between the cells obtained at different stirring intensity are undoubtedly visible. However, the authors of the study [62] seem to ignore these differences. In the same way, they ignore the fact that the kinetic energy of turbulence in media is increased not only by mechanical mixing but also by aeration. The above-mentioned Figure 2c shows cells obtained at a three times more intensive aeration (3 vvm) compared with Figure 2a (1 vvm), and the visible influence on cells looks like as in Figure 2b . However, the input power was declared to be 1 W/kg -the same value as at the same stirrer rotational speed but at 3 times lower aeration.
Some other aspects of turbohypobiosis
It should be pointed out that, sometimes, the influence of the hydrodynamic stress on the results of the biosynthesis process is not negative at all. Thus Priede et al. [76] established that the increasing turbulence intensity decreased the growth rate of A. Niger biomass, while the morphologically altered (larger diameter, more ramified) hyphae synthesised more citric acid, which was the purpose of this biosynthesis process. In the process of cultivating Kluyveromyces marxianus, the activity of inulinase increased proportionally to the stirrer rotational speed [81] . The authors assumed that the reason for this phenomenon was an increase in oxygen transfer, although their results clearly demonstrated that the increase of aeration did not influence the activity of inulinase, while the increase of shear stress (up to a certain level) increased it, and then, at the values of shear stress, which ensured the maximum increase of K LA , the enzyme activity began to decrease. Rau et al. [65] established a remarkable dependence of the glucane synthesis rate on the construction of the used stirrer, and better results were obtained with an axial propeller type mixer, which ensured an equal energy distribution throughout the volume of the reactor.
In some studies [71, 86, 88, 96] , the influence of stirring intensity on the molecular mass and physicochemical properties of the synthesised product has been established.
The use of strongly limited shear stress exerted a positive effect also in specific processes such as hepatic cell cultivation for purposes of regenerative therapy [87] .
All these facts confirm the necessity to specify the influence of stirring intensity on the used producer when working out a biotechnological process, and to choose the most corresponding equipment (reactor, stirrer type, etc.) and its operating conditions. Some-times it is not allowed to exceed the critical value of turbulence intensity, namely if, in the given process, it is better to work with a decreased mass transfer rate not to allow the expression of turbohypobiosis. On the other hand, it is possible to reach the maximum mass transfer intensity, if the expression of turbohypobiosis cannot influence the process. The elucidation of all these questions would be simpler if it were known, how turbulent eddies act on cells, how the cells feel this action, what the main principles of the reaction are, etc. Unfortunately, there are currently more unknown facts than known ones.
A simpler case here will be the mechanical destruction of the cell: the influence of outer forces causes damages in the cell membrane. While the damages are negligible, the cell is able to adapt and to renew the membrane. However, if outer forces exceed the critical value (which depends on the properties of the cell -membrane thickness and hardiness as well as the dimensions and shape of the cell), the cell membrane is ruptured, and cell death due to lysis occurs.
We obtain a more complicated picture if analysing the gradual increase of the outer force, beginning from the level when the force does not influence the inner processes of the cell and does not endanger its vitality.
As it is known, the surface of a living cell has an electric charge, while, in liquid, it means that the double layer of polar molecules must be formed on the surface of cells, and less polarised molecules are displaced by those with a greater dipole moment. The shear stress caused by turbulence influences the cell with a polarised molecules layer coated in this manner. Hence, from this double layer of molecules, dimensionally larger molecules, organic ones, are the first to be pulled out and taken away. Their place in the double layer is occupied by smaller molecules, namely, water molecules. The influence of liquid hydrodynamic forces on molecules was clearly demonstrated in the study by Pak Kin Wong et al. concerning the DNA molecule's elastic deformation influenced by hydrodynamic forces [93] . Particular results of the investigations are not obtained as regards whether the cell is "feeling" these changes on its outer surface and how these changes influence metabolic processes. Hypothetically it could be a process in which cell surface releases the molecules of metabolic products and attaches the substrate molecules from the solution.
When the hydrodynamic influence gets stronger, outer forces already affect the cell membrane. Dunlop and Namdev [77, 97] investigated this liquid -cell interaction level in detail. Studying the influence of shear stress on plant cells, they came to a surprising conclusion that the investigated cells loose their ability of reproduction at a dissipated energy level, which is only one millionth part of the energy necessary for crushing a cell. Therefore, plant cells seem to have approximately the same sensitivity to shear stress as animal ones. Trying to elucidate, how cells "feel" the hydrodynamic influence, Dunlop and Namdev have come to a conclusion that there are 4 factors to act: the Ca ++ ions flow, synthesis of stress proteins, osmoregulation and cells interaction or aggregation. The above investigations show that the influence of shear stress on ion channels increases the Ca ++ concentration in cells, and this accordingly influences the processes occurring in cells -synthesis of the membrane material, division of cells, osmoregulation and damage of the membrane. When the hydrodynamic influence of turbulence increases, "stress proteins" are formed in cells. However, the mechanism inducing this synthesis and its task in the cell are not so clear.
Better understood is the question of osmoregulation -membrane stretch depends on the osmotic pressure in the cell, and the degree of cells submission to deformation under the influence of outer forces depends on membrane stretch.
The last essential factor, aggregation, is a specific feature of growing plant cells. The dimension of cell aggregates influences both mass transfer conditions (inner cells of large aggregates experience the deficit of substrate and oxygen), and enzyme activity, secondary metabolites formation, etc. Dunlop and Namdev assume that the totality and interaction of these factors help the cells to adapt to conditions of increased stress, namely, to decrease the cells' sensitivity to shear stress. However, further research is necessary to elucidate the character and interaction of these factors.
Some effects caused by turbulence on animal cells have been investigated [98, 99] , and their applicability was evaluated. However, according to the mechanisms and reaction of the influence formed, there is less clarity comparing with the case of plant cells. It is established that the liquid flow mechanically "switches on" the response reaction, but what kind of the "switching on" mechanism -is yet to be determined. As turbulent flows are characterised not only by speed and direction changes, but also by pressure fluctuations, the influence of the latter through the cells membrane on its inner structure is quite probable. A similar mechanism could "switch on" the response reactions of mycelial fungi, yeast and bacteria. So, it is not proved yet whether pressure fluctuations of turbulence also act through the cell membrane on its inner structures.
However, there is a good consensus among the authors of all these studies that investigations in this direction ought to be continued because more complete knowledge of this process can furnish new opportunities for developing biotechnological processes and elevating their effectiveness.
Conclusions
(1) There is no unambiguous correlation among the activity of certain biochemical reactions, medium stirring intensity, substrate concentration and ingredient mass transfer rate in liquid-cell or gas-liquid-cell systems. On the contrary, as the mass transfer increases, the activity of certain metabolism processes can be increased or decreased. It can be assumed that the shear stress effect (the state of turbohypobiosis) plays a role mainly when adaptive mechanisms in cells cannot maintain a viable physiological state of a microorganism under stress conditions. (2) Generally, the results of all authors confirm that practically any system (inner construction of a bioreactor, producer and cultivation conditions, including mixing) requires its own optimisation to achieve the final goal, namely, the maximum yields Y P/S and/or Y X/S . Data on the biotechnological performance of cultivation as well as power input, kinetic energy (e) of flow fluctuations, air consumption rate, rotational speed, tip speed, etc. do not correlate directly if the mixing systems (impellersbaffles, etc.) are dissimilar. (3) Even the widely used specific power consumption cannot be regarded as a criterion for scaling up the cultivation performance using dissimilar mixing systems. A biochemical explanation for substrate and product transport via cell walls, carbon pathways, energy generation and utilisation, etc. furnishes insight into cells' interactions with turbulence of different origin for different types of microorganisms (single cells, hyphae forming cells, etc.). However, further experiments are still required. (4) The state of turbohypobiosis can be suitable for the investigation of the influence of stirring on various microorganisms. However, it is not recommended in industry due to decreasing of the process' productivity.
